T raumaTic brain injury (TBI) is a leading cause of death and disability among children. 5, 11, 16 Heterogeneity of TBI and highly variable outcomes complicate research and clinical care. Currently, bedside methods for prognostication and determination of the major pathophysiological mechanisms that drive injury at any given time are limited. These limitations pose challenges for research into potential therapies for this devastating problem. In summary, clinically useful tools to improve classification and prognostication of TBI are needed.
treatments to improve outcomes. The detection of brainderived markers in blood would be especially useful, as CSF is typically accessible in only a subset of patients with severe TBI. In recognition of the potential utility of biomarker measurement in pediatric TBI, the recently formed Pediatric TBI Common Data Elements Biospecimens and Biomarkers Workgroup published recommendations for pediatric biospecimen collection and analyses. 1 Ubiquitin C-terminal hydrolase-L1 (UCH-L1) and the 145-kDa alpha II-spectrin breakdown product (SBDP-145) are potentially useful biomarkers for pediatric TBI. UCH-L1 is an enzyme found almost exclusively in neurons. 3 UCH-L1 is increased in both CSF and serum after TBI in adults, 1, 4, 7, 12, 20, 21, [23] [24] [25] 32 although less consistently after mild TBI. 1, 12, 28, 31 Alpha II-spectrin is a cytoskeletal protein primarily found in neuronal axons and dendrites. This protein is broken down into spectrin breakdown products of differing molecular weights. SBDP-145, a 145-kDa protein formed by calpain-mediated cleavage of spectrin, is a marker of necrotic cell death process activation. 18, 26, 33 SBDP-145 levels in CSF are increased after severe TBI in adults. 9, 10, 13, 22, 27 Previous studies have found both UCH-L1 and SBDP-145 to be elevated in serum after pediatric TBI, however, samples were collected at only a single, early time point after injury. 2, 19 The objective of our study was to characterize the temporal profile of SBDP-145 and UCH-L1 levels in serum, and UCH-L1 in CSF, in children after severe TBI. In accordance with the recommendations made by the Pediatric TBI Common Data Elements Biospecimens and Biomarkers Workgroup, we categorized specimens by time after injury, and included age-appropriate controls to address potential developmental influences on biomarker expression.
Methods

Study Population and Sample Collection
A prospective, observational pilot study was conducted within the pediatric intensive care unit (PICU) of a regional pediatric Level I trauma center between September 2011 and October 2013. Approval to conduct this research was obtained from the University of Utah IRB. Patients 0-17 years old admitted to the PICU were eligible for the study if they had severe TBI, defined as having known blunt head trauma resulting in an abnormal head CT scan and a need for mechanical ventilation for more than 24 hours from admission. Guardians were approached for consent within 12 hours of patient admission to the PICU. Patients were excluded if consent was unobtainable or denied, if they had an isolated epidural hematoma, or if the neurosurgical service deemed their injury to be nonsurvivable. Blood and CSF were collected at up to 5 time points (12, 24, 72, 96 , and 120 hours) after injury. Blood was collected via an existing venous or arterial line, with volumes limited to no more than a total of 10 ml for the 5 collections. CSF was obtained only from those patients who already had an external ventricular drain (EVD) placed per standard care, and only while the EVD was still required for clinical management. Control samples were collected for each of four age brackets (less than 2 years, age 2-6, 7-12, and greater than 12 years old) from patients undergoing routine blood laboratory diagnostic testing for medical conditions unrelated to any neurological disorder and from whom there was no history of neurological injury. Similarly, samples for control CSF were obtained from patients undergoing routine lumbar puncture (oncology or emergency medicine patients) and were negative for infection and/or malignancy. These patients had no history of neurological injury.
Blood samples were allowed to clot for up to 30 minutes and then centrifuged at 3500 RPM for 6 minutes. Supernatant (serum) was removed and stored at -80°C until analysis. CSF was centrifuged at 3500 RPM at 4°C for 10 minutes, and the supernatant was removed and stored at -80°C. Biomarkers were measured using a previously described sandwich enzyme-linked immunosorbent assay method (colorimetric format for UCH-L1, chemiluminescent format for SBDP-145) at Banyan Biomarkers Inc. 17 SBDP-145 levels were not measured in CSF, as there were no validated, reliable assay methods for measurement in CSF available at the time. Control samples with concentrations below the limit of detection were assigned a value of half the concentration of the lower limit of detection for the respective assay (29% of serum UCH-L1, 40% of CSF UCH-L1, and 0% of serum SBDP-145 samples).
Statistical Analysis
Distributions of study variables were assessed using descriptive statistics. Differences between two groups were tested using the Wilcoxon rank-sum test. The Pearson correlation coefficient or Spearman rank correlation was used to measure correlations as appropriate. Area under the concentration-time curve (AUC) was calculated from time 0 to the maximum observed time using the trapezoidal rule. Linear mixed-effect models were utilized to examine time-course profiles of biomarker levels after TBI, while the receiver operating characteristic (ROC) was employed to assess discrimination between TBI and control subjects. Statistical differences were considered significant if the probability of a type I error was < 5%. Study data were analyzed using SAS (version 9.4) or Stata (version 12.1).
Results
We collected 82 serum samples from the 19 enrolled patients with TBI, with a mean of 4.3 samples per patient. Eleven patients had serum samples for all 5 study time points. Not all patients had EVDs placed, and EVD duration was variable. As a result, we collected 38 CSF samples from 10 of the 19 patients with TBI, with a mean of 2 per patient, and only 4 patients had CSF samples from all 5 study time points. Therefore, temporal analyses were restricted to serum in the 11 patients with complete time points. All other analyses of biomarker parameters incorporated data from total serum and CSF samples collected. The number of serum samples obtained per patient was correlated with the number of CSF samples obtained per patient (p = 0.006).
As shown in Table 1 , the ages of the 19 patients ranged from 24 weeks to 15.7 years, with a median of 8.15 years (n = 4 for the three lower-age brackets and n = 7 for those older than 12 years). Motor vehicle and auto-pedestrian accidents were the most common causes of injury. Most patients suffered injuries to other body regions in addition to head injury, with a median injury severity score (ISS) of 29. Intracranial hemorrhage was present in all but 1 case. Fourteen patients received either an intracranial pressure (ICP) monitor (n = 12) and/or an EVD (n = 10). Patients with ICP monitoring, as well as 3 others, received hyperosmolar therapy in the form of hypertonic saline alone (n = 12) or hypertonic saline and mannitol (n = 17). Fourteen of the 19 patients were assessed using the pediatric version of the Glasgow Outcome Scale-Extended (GOSE-P) at 6 months after injury (5 were lost to follow-up). Scores ranged from 1 (upper good recovery) to 8 (death; n = 3), with a median score of 3 (upper moderate disability).
Using all available samples, serum UCH-L1 levels in patients with TBI were greater than those in controls (median [ As shown in Fig. 1 , serum levels of UCH-L1 changed over time. UCH-L1 increased rapidly but transiently after TBI, peaking at the 12-hour time point (p < 0.001), falling back to control levels by 120 hours after injury. In contrast, SBDP-145 levels showed a more gradual and sustained increase, with the highest levels occurring at the 48-hour time point (p = 0.011), and remaining different from controls at 120 hours after injury. When examining only peak concentrations, serum UCH-L1 reached greater levels than SBDP-145 (median 1630, range 448-3281, vs median 300, range 173-431 pg/ml, respectively; p < 0.001), and a higher magnitude increase over median control levels than SBDP-145 (11.1-fold vs 4.3-fold, respectively). When utilizing only those samples that were obtained at time points of peak response (12 hours for UCH-L1 and 48 hours for SBDP-145), the ability of these serum biomarkers to discriminate TBI from control subjects increased CSF UCH-L1 levels correlated well with serum levels (r = 0.70, p < 0.001). Trend analysis demonstrated that the time course of serum UCH-L1 was similar to that of CSF UCH-L1, with levels peaking early (p = 0.01; data not shown). CSF UCH-L1 had a greater magnitude increase relative to controls than did serum UCH-L1 (CSF UCH-L1 increased 6. 
5-fold [see above]).
A total of 17 control serum samples were obtained (n = 4 for all age brackets, except n = 5 for those aged 2-6 years), as well as 20 control CSF samples (n = 5 per age bracket), with overall median ages matching that of the TBI cohort. We did not observe differences in UCH-L1 or SBDP-145 concentrations between the four pediatric age groups in serum or in CSF, nor did levels appear to change with age across the entire cohort ( Fig. 2 ; p > 0.5 for rank correlation, and p > 0.1 for linear correlation, for any of the 3 biomarker-biofluid combinations).
Discussion
Findings from this pilot study provide new insights into the response profiles of two candidate biomarkers for pediatric TBI, UCH-L1 and SBDP-145. Serum UCH-L1 and SBDP-145 levels increased robustly in children after severe TBI. Trend analyses revealed temporal response differences. Serum UCH-L1 levels display a rapid albeit transient increase after TBI, falling back to control levels by 120 hours. In contrast, serum SBDP-145, although significantly increased at 12 hours, follows a more gradual and sustained increase and peaks around 48 hours, but remains high through 120 hours after TBI.
To our knowledge, this is the first study to assess serum SBDP-145 levels over time after TBI in either adults or children. Berger et al. reported increased serum SBDP-145 levels in pediatric patients with TBI relative to controls, but samples were limited to 1 time point (as soon as possible after arrival to the hospital), and were obtained from patients of variable TBI severity. 2 We found that serum SBDP-145 levels peaked at about 48 hours after TBI. Previous findings on the temporal course of SBDP-145 levels are limited to CSF studies in adult patients, which showed that CSF levels peaked at approximately 2-3 days after severe TBI. 9, 10, 13 Two other studies in which CSF was obtained more frequently (every 3-6 hours in the first 48 hours) showed a marked peak in SBDP-145 in the first 24 hours after injury, followed by a gradual decline toward control levels over several days. 22, 27 CSF SBDP-145 levels were not measured in the present study. We previously showed that rat pup brain tissue SBDP-145 levels peaked in the first 48 hours after injury in a well-established model of pediatric TBI. Based on our experimental findings, we speculate that SBDP-145 levels in pediatric CSF would peak in the first few days after TBI, as they had in the adult studies, but not necessarily in the first 24 hours.
We are unaware of any published work reporting serum UCH-L1 levels over time following pediatric TBI. Berger et al. found that serum UCH-L1 levels (measured at a single time point soon after hospital arrival) in pediatric patients with moderate or severe TBI were increased relative to control values. 2 A subsequent study by this group, using a similar paradigm, reported comparable findings. 19 However, Rhine et al. 31 did not find increased serum levels in teenagers at a single time-point soon after mild TBI, compared to orthopedic controls. Studies in adult patients with TBI consistently demonstrate that serum and CSF UCH-L1 levels are highest at early time points after TBI. 4, 7, 20, 21, 25, 29 Of note, the FDA recently approved using a serum UCH-L1 and glial fibrillary acidic protein (GFAP) panel (the Banyan "Brain Trauma Indicator," Banyan Biomarkers, Inc.) in adult patients within 12 hours after mild TBI to help predict brain injury detectable by CT.
14 Our findings support future research using serum UCH-L1 in children within the same timeframe (12 hours after injury).
We found that serum UCH-L1 and SBDP-145 exhibited modest discrimination between injured and control patients when utilizing all TBI samples, regardless of time from injury. Given the differential effect of time after injury on levels of these biomarkers, it was not surprising to find that discriminability improved when using only early time points for UCH-L1, and later time points for SBDP-145, as reported previously for UCH-L1 in adults. 12, 20, 24, 25 This was especially the case for UCH-L1 because serum levels returned to control levels at later time points after injury. This study has several limitations. We achieved the sample number needed to assess biomarker temporal response profiles in serum but not CSF. The final sample size in serum levels, however, still sufficed to determine whether these biomarkers were significantly higher in patients with severe TBI versus control subjects, and whether levels showed time-dependent changes according to linear mixed-effects modeling.
Another potential limitation is that lumbar, not ventricular, CSF was used for control samples. Comparisons to ventricular CSF from patients with TBI could be thus confounded should a ventricular-lumbar gradient for UCH-L1 exist. Two publications address this issue. 6, 30 Unfortunately, ventricular samples from children without brain pathology are difficult to obtain in a reliable manner. Using ventricular samples from children with brain pathology is not ideal. For example, production of UCH-L1 by a brain tumor, or by brain injury secondary to pressure or vascular insults, could confound the results and render the sample unsuitable as a control.
Similar to the results in a previous study in adult patients with TBI, UCH-L1 in serum and CSF correlated fairly well in this study, suggesting that serum UCH-L1 could serve as a proxy for CSF levels. 7 The difference in serum concentrations between TBI and controls was smaller than that observed in CSF (ROC AUC was 0.77 vs 0.85, respectively), suggesting that UCH-L1 levels in serum may have less discriminatory capability than in CSF, as would be expected.
This study also contributes data to help address the important question of whether developmental age affects biomarker levels in children. We did not find any differences in levels across the four pediatric age groups studied, suggesting that neither UCH-L1 nor SBDP-145 vary in serum, or UCH-L1 in CSF, as a function of age, although low statistical power (due to small sample sizes of the age groups) could limit detection of any real differences. We did not observe a trend when we plotted biomarker levels against age for the entire control cohort. Mondello et al. noted that serum UCH-L1 levels were high in control infants compared to samples from all other age groups in their study. 19 They did not specify the actual levels nor how they calculated results from samples that may have fallen below detection limits (a common occurrence in uninjured controls). While we did not find higher UCH-L1 levels in our youngest age bracket of controls (those younger than 2 years), small sample size could have limited our ability to detect infant-specific differences within our youngest age bracket.
We did not observe any statistically significant relationships between biomarker levels and injury characteristics or outcomes. One reason may be that we had not powered our study for this goal. In addition, the narrow range of values available for the primary prognostic and outcome measures (the best motor Glasgow Coma Scale [GCS] score and the GOSE-P, respectively) adds another statistical limitation. Finally, because study patients were restricted to severe TBI, the narrower range of outcomes (relative to that possible if less severe forms of TBI are included) further limits the ability to detect associations between variables.
Conclusions
This exploratory study provides novel information on the temporal aspects of UCH-L1 and SBDP-145 responses in serum after pediatric TBI, and on their developmental expression in uninjured children. We observed a rapid decline from an early peak response in UCH-L1 levels after TBI, suggesting that UCH-L1 would likely have low sensitivity or prognostic power if measured days after injury rather than hours. 8 In contrast, the temporal profile observed for SBDP-145 levels suggests that measuring only SBDP-145 at an early time point would be inadequate for estimating TBI severity or for screening for mild TBI. Future studies to determine the suitability of a combined biomarker assessment for either detecting or characterizing brain injury, using larger sample sizes, are warranted. Our findings support a future trial in children to study whether serum UCH-L1 levels obtained within 12 hours after TBI, combined or not with GFAP levels, may help predict brain lesions detectable by CT scans as has been now shown in adult patients. 14 In addition, such studies could further investigate whether those biomarkers with sustained responses, such as SBDP-145, could serve to help monitor recovery or the impact of putative neuroprotective therapies.
